Abstract: Distinct temperature-dependent dynamic behaviors of GaN-based blue lightemitting diodes (LEDs) are observed by use of the very-fast electrical-optical pump-probe technique. Our static and impulse response measurement results indicate that the behaviors of internal carrier dynamics under different ambient temperatures can be classified into three regimes covering a wide range of bias current densities (20-2000 A/cm 2 ). The first regime is when the bias current density ranges from low to moderate (20-100 A/cm 2 ). The measured external quantum efficiency (EQE) degrades dramatically from 57 to 44%, and the measured waveform and extracted time constants of measured impulse responses are invariable from room temperature (RT) to 200 C, which indicates that the carrier leakage is not an issue for the observed droop phenomenon. When the bias current density further increases to near 1 kA/cm 2 , the droop phenomenon are mitigated (44 to 24%). However, a significant shortening of the measured impulse response happens under 200 C operation due to the device-heating effect. This phenomenon is diminished when the bias current densities are further increased to over 1 kA/cm 2 , due to the screening of the piezoelectric field. The extracted time constants can also be used to explain the droop phenomenon in GaN LED under high bias currents.
Introduction
Gallium nitride (GaN)-based blue or violet light-emitting diodes (LEDs) have attracted a lot of attention in recent years [1] due to their strong potential in the next-generation solid-state lighting. In order to further improve their performance and meet such challenge, a number of theoretical and experimental studies have been carried out in order to better understand the internal carrier dynamics inside InGan/GaN multiple quantum wells (MQWs) and the origin of the efficiency droop during operation of GaN-based blue LEDs [2] - [12] . Several measurement techniques and possible mechanisms have been proposed to investigate and explain the external quantum efficiency (EQE) droop phenomenon in GaN-based green and blue LEDs, such as defect recombination [4] , carrier overflow and leakage [2] , [5] , the (direct or indirect) Auger effect [6] - [12] , and piezoelectric (PZ)-field induced carrier leakage [12] , [13] . In these reported works, the internal carrier dynamics is usually analyzed based on the extracted external and internal quantum efficiency of the blue LEDs and the technique of differential carrier lifetime measurement [2] , [5] , [9] , [10] . However, the internal carrier dynamics, which occurs during the operation of GaN LEDs, cannot be so straightforwardly characterized with these approaches. In this paper, for the first time, we adopted the fast electricaloptical (E-O) pump-probe technique [11] , [12] to directly characterize the internal carrier dynamics of a GaN-based high-efficiency blue LED (maximum absolute EQE: 57%) under an extremely wide range of bias currents (20 to 2000 A/cm 2 ) and ambient temperatures (room temperature (RT) to 200 C). In such scheme, a short electrical pulse ð$ psÞ is injected into the fast GaN LED during operation, after which we can then measure its output optical pulses by use of high-speed photoreceiver circuits [11] . Here, the fast GaN LED with a miniaturized device active area is necessary to avoid the influence of its RC-delay time on the measured responses [11] , [12] . These measured impulse responses from the LED are thus expected to represent information about the carrier dynamics inside it without any assumption on carrier recombination processes [2] , [5] , [9] , [10] . Furthermore, another advantage of this demonstrated technique compared with the ultrafast optical pump-probe technique [14] is that an electrical pulse (instead of an optical pulse) is used to excite the device, which matches the case of forward-bias LEDs with electrical signal injection. Recently, such proposed measurement technique (E-O pump probe) has also been used to study the dynamic behavior of photonic-crystal-based miniaturized LED [15] . In addition, most studies of III-nitride LED droop focus on current densities near the maximum efficiency [2] - [10] . Our work is intended to serve as a reference for studying the droop at different temperatures at extremely high current densities ð$ 2 kA/cm 2 Þ due to the miniaturized size of our device. Our static and dynamic measurement results indicate that the temperature-dependent dynamic behaviors of studied device can be classified into three regimes covering a wide range of bias current densities due to the influence of PZ field on the active region. In the low-to-moderate bias current range (20-100 A/cm 2 ), the EQE degrades dramatically from 57% to 44%, and the measured E-O impulse responses are insensitive to the ambient temperature (up to 200 C). This is the evidence that such EQE droop phenomenon is not due to the additional loss mechanisms induced by high temperature. When the bias current density further tremendously increases from 9 100 A/cm 2 to near 1 kA/cm 2 , the droop phenomenon begins to be mitigated (44% to 24%) because both the spontaneous and nonradiative recombination processes become saturated [9] . Under this bias regime, when the ambient temperature reaches 200 C, the measured E-O impulse responses shortens significantly, accompanying a serious degradation in output optical power. This suggests that the device-heating induced carrier leakage would be one of the important issues to the droop phenomenon under such hightemperature operation. Finally, when the bias current density becomes extremely high (1 to 2 kA/cm 2 ), the degradation in EQE is further mitigated (24% to 16%). At 200 C, the device-heating phenomenon is diminished due to the screening of the PZ field by injected carriers and the increase in effective barrier height [11] , [12] of active layers. Under this bias regime, the saturation of spontaneous and nonradiative recombination processes may eventually dominate the droop phenomenon.
Device Structure
The top view of the fabricated device and its epilayer structures are shown in Fig. 1(a) and (b), respectively. As can be seen in Fig. 1(b) , the structures were grown on a (0001) sapphire substrate, mainly composed of 17 pairs of In 0:18 Ga 0:82 N/GaN MQWs. Details of the doping density and thickness of each layer in the structure are specified. As can be seen, the six pairs of MQWs, which neighbor the n-side cladding layers, have n-type doping in their barrier layers. On the other hand, the remaining 11 pairs of MQWs are undoped. It has been demonstrated that this type of partial n-type doping structure will greatly improve the output power, differential resistance, and modulation speed of the LEDs; for more information, see our previous work [16] , [17] . Carrier leakage can be avoided by inserting the two Al 0:12 Ga 0:95 N layers near the p-and n-type cladding layers [5] .
A 15-nm-thick n-type In x Ga 1Àx N layer (doping density of 1 Â 10 18 cm À3 ) with a mole fraction x ðx ¼ 6À8%Þ, much less than that of the blue MQW layers, was inserted between the bottom n-GaN layer and the active MQW layers. The benefit to the bottom current spreading and improvement in the current-voltage (I-V ) characteristics in the fabricated LEDs can be attributed to the narrower band gap, high doping density, and possible lower resistivity of the inserted InGaN layer compared with that of the bottom n-GaN layer [18] , [19] . As can be seen in Fig. 1(a) , the fabricated device has an active diameter of 75 m, and it is integrated with a coplanar waveguide (CPW) pads for onwafer high-speed measurement. Our device size is much smaller than that of the typical commercial blue LED for solid-state lighting, which usually has an active area around 300Â300 m 2 . We adopted such a miniaturized device size in our experiments for the purpose of relaxing the RClimited bandwidth of the LED and eliminating the influence of the RC-delay time on the measured E-O impulse responses [11] , [12] . This ensures that our measured traces truly represent the internal carrier dynamics instead of the external device RC delay time. For details of the LED fabrication processes, please refer to our previous work [19] , [20] . A well-calibrated integrating sphere was adopted for these power measurements. As can be seen in Fig. 2(b) , under low bias current operation (G 10 mA), the measured EQE could be as high as $50%. In this bias regime, the corresponding bias current density is around 200 A/cm 2 , which is close to the bias current density of GaN-based blue LEDs required for high-power operation [7] .
Measurement Results and Discussion
Under such bias current density, the corresponding junction temperature of GaN-based LED is usually at around 120 C [21] . Such temperature is even lower than the highest ambient temperature (200 C) during our static [as shown in Fig. 2 (c)] and dynamic measurements (as discussed latter). We can thus conclude that, under such operation condition, the junction temperature of our device is close to the ambient temperature when it is over 100 C. However, if we further increase the bias current density [regions II and III in Fig. 2(b) ], the junction temperature might be eventually higher than the ambient temperature. Compared with the values reported for high-performance blue LEDs under the same bias current density ð$ 200 A/cm 2 Þ, our achieved value of EQE is even higher ($40% versus 30% [7] ). However, we can see that it degrades dramatically with the increase of bias current (density). The relation between the bias current density and the EQE, as shown in Fig. 2(b) , is highly nonlinear and can be roughly classified into three regions (I, II, and III) with different slopes of the fitting lines of EQE versus bias current, as specified in Fig. 2(a) .
In order to characterize the different mechanisms for EQE droop and internal carrier dynamics in these three regimes and for a wider range of bias current densities (20 to 2000 A/cm
2 ) tested, we performed E-O impulse response measurement under different bias currents and ambient temperatures. Compared with the static measurement results, by use of our dynamic measurement technique, we can directly extract the recombination time constants in the active layers (InGaN/GaN MQWs) of LED under different operation conditions (current and temperatures). Furthermore, the extracted time constants would be useful in the theoretical analysis of static and dynamic behaviors of GaN-based lasers and LEDs [22] .
A conceptual diagram of the E-O pump-probe measurement setup was given in Fig. 3 [11] , [12] . During measurement, the device under testing (DUT) was mounted on a hot plate for temperaturedependent measurement then injected with different dc bias currents. An electrical pulse train with a full width at half-maximum (FWHM) of around 100 ps, a 1/64 duty cycle, and a fixed 2-V peak output voltage was generated by a programmable pulse pattern generator (Anritsu MP1800A series) and injected into the device for impulse response measurement.
We have also tried to inject our device with an even shorter electrical pulse, but the measured impulse response showed no significant change. This result indicates that the injected electrical pulsewidth was much faster than the internal response time of the LED inside. The optical pulse generated from the DUT was collected by high-speed photoreceiver circuits with a 3-dB bandwidth of approximately 1.5 GHz (New Focus, 1601-AC). This was connected to a 1.5-GHz 3-dB low-noise amplifier (LNA, Miteq AM-1309) with a high-speed sampling scope (Agilent DCA-J scope) to record the impulse response. Figs. 4 and 5 show the measured impulse responses of our device for different bias currents with/ without normalization, at RT and 200 C, respectively. As can be seen in these two figures, the measured pulsewidths of impulse response significantly shorten from 4 to 2 ns when the dc bias current increases from 1 to 90 mA, accompanied by a increase in the peak amplitudes. However, in Fig. 4(b) , when the bias current exceeds 40 mA, significant saturation of the peak amplitude can be observed. The measured traces in Fig. 5(b) show a similar trend.
When the ambient temperature reaches 200 C, the increase in bias current (9 40 mA) even leads to the significant degradation in the peak amplitude. Based on these measurement results, we can thus conclude that the shortening of the measured impulse responses, especially under a high bias current (9 $40 mA), is due to the enhancement of the nonradiative recombination process (degradation of EQE) that accompanies the increase of the bias current at these two measuring temperatures. We will discuss this issue in greater detail later. Furthermore, compared with the traces measured at RT [shown in Fig. 4 ], the traces measured at 200 C (see Fig. 5 ) show significant degradation in amplitude. This result indicates a serious degradation in EQE for our device under 200 C operation. As shown in Fig. 2(c) , we can see that there is a serious degradation ($50% degradation in output power compared with that of under RT operation) in the measured output power at 200 C when the bias current exceeds around 40 mA, which is consistent with the dynamic measurement results shown in Fig. 5 . In order to clearly investigate the mechanism leading to EQE droop in the three different bias current density regimes, as indicated in Fig. 2(b) , we performed temperature-dependent E-O impulse response measurement in all three bias regimes. Fig. 6 (a) to (d) shows the temperature-dependent E-O impulse responses (RT to 200 C) measured under 1-, 3-, 5-, and 7-mA bias currents, respectively. Each trace is normalized to its maximum for easy comparison. These bias current densities correspond to that of region I (20 to $100 A/cm 2 ), as shown in Fig. 2(b) . As can be seen, in this bias current regime, the measured E-O impulse responses are insensitive to the variation in ambient temperature even when it reaches 
200
C. This result possibly indicates that additional loss mechanisms induced by high temperature, most probably temperature-related carrier leakage, is not the reason for the observed dramatic EQE droop in this regime, which is consistent with the static power measurement result. As can be seen in Fig. 2(c) , under such a low bias regime (1 to 7 mA), there is no significant degradation in the output power. This is because device-heating phenomenon is not an issue with such a low bias current. Fig. 7 (a) to (c) shows the temperature-dependent E-O impulse responses (RT to 200 C) measured under 10-, 20-, and 40-mA bias currents, respectively. Each trace is normalized to its maximum for easy comparison. These bias currents densities (200 to 1000 A/cm 2 ) correspond to those in region II, as specified in Fig. 2(b) . As can be seen, in this bias current regime, there is great shortening of the measured E-O impulse responses when the ambient temperature reaches 200 C, accompanied by a serious degradation in the output power, as shown in Fig. 2(c) . This result suggests that device-heating induced carrier leakage has an important contribution to the EQE droop at such a high ambient temperature (200 C) and bias current regime. Nevertheless, there is no significant carrier leakage induced shortening of the impulse response or degradation in output power [as shown in Fig. 2(c) ] measured at other temperatures lower than 200 C. We can thus conclude that, under RT operation, both the saturation of the radiative spontaneous recombination and the nonradiative recombination [9] , [10] still dominate the droop phenomenon, according to the extracted fall-time constants of the impulse responses to be discussed later. Fig. 8(a) and (b) shows the measured temperature-dependent E-O impulse responses (RT to 200 C) for extremely high bias currents (densities) of 60 and 90 mA (1.3 and 2 kA/cm 2 ), respectively. We can clearly see that the impulse response becomes invariant when the increase in ambient temperature. This is similar to the traces measured in region I and can be attributed to the fact that, under such a high bias current density, the strong PZ field inside the GaN/InGaN MQW region can be completely screened by the space-charge field induced by the external injected current. The screened PZ field consequently increases the effective barrier height in the MQW region [12] , [23] , [24] . This should be accompanied by a lower probability of carrier escape and less output power degradation under high-temperature operation. In this high bias current regime, the droop phenomenon begins to be mitigated and is eventually dominated by the saturation of spontaneous recombination. By analyzing the fall-time constants of these measured impulse responses, we can further distinguish which mechanism possibly dominates the droop phenomenon in the different bias current regimes. The fall-time constants, which can be extracted from these measured impulse responses by use of a simple exponential decay function with several fall-time constants, represent the recombination time ð r Þ of the internal carrier inside the active MQW layers. This is because the RCdelay time is not an issue in our LEDs with their miniaturized active area. The adopted fitting equation is given as follows:
where the values of amplitude constants (A 1 to A 3 ) and time constants (T 1 to T 3 ) can be adjusted to fit the fall-time traces of measured impulse responses. Fig. 9 (a) to (d) show the extracted time constants (T 1 to T 3 ) versus bias current (1 mA to 90 mA) under 25 C, 50 C, 100 C, and 200 C operations, respectively. The corresponding bias current density ranges between 20 to 2000 A/cm 2 . As can be seen, the slowest time constant T3, which has a value of over 10 ns, remains almost invariant with the bias current density and ambient temperature. Given the measured bias current densities, this should not be the reason for the observed droop phenomenon, which varies significantly with the bias current, as discussed. The other two time constants (T1 and T2) change significantly with the bias current and ambient temperature. When the bias current density increases, there is the most significant reduction in T2 among the three time constants. For example, there is a dramatic reduction from 17 to 2.8 ns when the bias current increases from 1 to 5 mA, which can help to explain the observed serious droop phenomenon in this bias regime, as illustrated in Fig. 2(b) . From the superlinear increase in the inverse of T2 with the bias current (injected carrier density) in this low bias regime, we may conclude that the extracted T2 is possibly a nonradiative Auger recombination time constant, which dominates the EQE droop phenomenon in region I (20-100 A/cm 2 ) [8] - [10] . On the other hand, the inverse to T1 increases almost linearly with the bias current (injected carrier density) but shows a reduction when the ambient temperature reaches 200 C in a certain bias current range [region II, as indicated in Fig. 2(b) ]. Such a time constant may represent the mixing of radiative spontaneous recombination and nonradiative device-heating induced carrier leakage time constants. Under 200 C operations, the reduction in T1 implies an enhancement in the device-heating induced carrier leakage rate, which is accompanied by serious degradation in the EQE, as illustrated in Fig. 2(c) . Furthermore, under RT to 100 C operation, after the bias current density increases further to over $100 A/cm 2 (20 mA), there is no change in the values of T1 but is pinned at around 1 ns. This trend is similar to the dynamic measurement results reported for GaN-based blue LEDs based on the differential carrier lifetime analysis technique [9] . In such reported work [9] , the extracted spontaneous radiative recombination time constant shows significant pinning at the value around ($3 ns) when the bias current exceeds 300 A/cm 2 . This can be explained by the saturation of spontaneous recombination (phase-space filling effect) [9] . On the other hand, under 200 C operation, the time for the pinning of spontaneous recombination happens at a higher bias current (over 60 mA), because a higher bias current is required to minimize the device-heating induced carrier leakage, as indicated in Figs. 8 and 9 .
It is also important to note that our measurements presented here indicated the importance of multiple carrier lifetimes (T1 to T3) in fitting the carrier dynamics in InGaN QWs. By using these results, we analyzed the various recombinations of the carriers in the QWs, as discussed. These results are useful for providing insights in carrier dynamics in InGaN QWs, but our interpretation of these results may require a more detailed analysis for confirmation. It is important to note the possible importance of other mechanisms such as carrier leakages and thermionic carrier escape process in GaAs-based lasers [25] - [27] and InGaN-based LEDs [22] , [28] - [30] , which may also be applied to explain the observed phenomenon here. The general theory of current injection efficiency in QW lasers or LEDs shows the existence of thermionic carrier escape in QW leads to suppression of current injection efficiency at high current density [25] , and the suppression of thermionic carrier escape in QW lasers have led to the realization of high-performance lasers at high temperature [25] - [27] . The importance of thermionic carrier escape in QW LEDs has been extended to explain the carrier leakages, and reduction in current injection and internal quantum efficiencies for InGaN QW LEDs [22] , [28] - [30] . Furthermore, recent works have pointed the need of using multiple carrier recombination rates in fitting the carrier dynamics in InGaN QWs, which are attributed to the carrier recombination in both extended and localized states in the QW [31] , [32] .
Although there are lots of other possible mechanisms to explain our observed results as the above discussion, our extracted T1 (spontaneous recombination time constant) is really much smaller in value (1 versus 3 ns) than that reported for GaN-based blue LEDs operated at RT [9] , even under the same bias current density. The fast spontaneous emission rate in the InGaN QWs is important for achieving high IQE and EQE in LEDs [33] - [35] . The spontaneous emission rate in InGaN QW is limited by charge separation effect attributed to the existence of the polarization field in the QWs [33] - [35] . Several approaches have been used to suppress the charge separation in InGaN QWs by using nonpolar InGaN QWs [36] , [37] , polar InGaN QWs with large overlap designs [38] - [41] , Type-II MQWs [42] , [43] , strain-compensated MQW [44] , [45] , and ternary substrate/ template methods [46] , [47] .
Our measurement results indicate a higher spontaneous recombination rate in our active layers so that a superior EQE performance to that reported for blue LEDs can thus be measured, as shown in Fig. 2(a) . In addition, when the bias current further increases to over 1 kA/cm 2 , the values of the extracted T1 and T2 time constants both merge together to be pinned at around 1 ns, which is close to the extracted Auger recombination time in GaN-based blue LEDs under the same bias current density ð$1 kA/cm 2 Þ [9] . This explains the mitigation of the droop phenomenon in regions II and III, which is due to the fact that the nonradiative Auger recombination rate (time) cannot further increase (decrease) with the bias current.
Conclusion
In this paper, we directly characterize the internal carrier dynamics inside InGaN/GaN-based blue LEDs during operation using a very fast electro-optical pump-probe technique. The influence of the RC-delay time on the measured responses is eliminated by adopting a miniaturized LED structure in our experiments. Overall, from these static and dynamic measurement results, we can conclude that the superior EQE performance of our demonstrated device to that reported for blue LEDs is mainly due to its short radiative recombination time ($1 ns), as well as the high spontaneous recombination rate. Furthermore, the distinct temperature-dependent behaviors of the E-O impulse response measured under different bias current densities is due to the influence of the strong PZ field inside the InGaN/GaN MQW layers. These temperature-dependent measurement results suggest that the device-heating induced carrier leakage plays an important role only when the ambient temperature reaches 200 C and for a certain range of bias currents (100 to 1000 A/cm 2 , region II). Under a lower (region I) or higher (region III) bias current density, carrier leakage is not an issue for the droop phenomenon as a consequence of the negligible device-heating effect and the screening of PZ field by injected carriers, respectively.
